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INDUCTIVELY STABILIZED EXCIMNR LASERS
Robert C. Sze

Los Alamos Natiorwl Labora’:ory
P. O. BOX 1663

Los Alamos, New Mexico 87545

Introduction

Rdre-gas halide avalanche discharges, including some form of preionization of the dis-
charge volume, are known to have a limited stable discharge time. The end of the stable
discharge time is characterized by streamer arcs propagating across the electrodes.
time is dependent on the electrode separation,

This
the constituents and pressure of the gas

mixture, as well as the electrical excitation characteristics. Thus, in the more conven-
tional commercial lasers the laser outputs are short pulsed (15-30 ns) and discharge tech-
niques are developed to deposit most of the stored electrical energy within the stable dis-
charge time of the device. Lin and Levatter [1] have investigated the regimes in which
streamer arc formation can be avoided. Such lasers require Vt.ryuniform preionization with
extremely fast voltage risetimes. The additional incorporation of an electrical prepulse
has resulted in very high-efficiency,
lasers [2].

high-energy large volume discharge rare-gas halide

This paper presents another approach to solvin? the problem of discharge stability. The
development of a segmented electrode st~ucture with each element ballasted by an inductor
has resulted in very stable discharges and long pulse length laser cutputs. The passive
stabilization of the rare-gas halide discharges is attributed mainly to the increase in
voltage drop across the inductcr of a particular segment of the electrode as the discharge
in that reqicm begins to go unstable. The advantage of the technigue is that the very fast
Voltage risetime requirement is no longer essential, and the use of conventional thyratron
switches without subseguznt pulse sharpening circuits is now possible.
laser devices have been constructed.

Presently only small
The 20-cm active length lasers have produced laser

pulse lengths greater than 200 ns with efficiencies as high as 1%, Since the intracavity
powers for the long-pulsed, short gain l.enqthdevices are in the region of 200 kW, an order
of ma~itude below the saturation powers of rare-gas halide lasers, much improved extraction
efficiencies are antici~ated for longer gain length devices. The small long pulse lasers
find applications in in)ection-locking large energy short pulsed lasers in the regenerative
amplifler mode witout worry of jitter between the two devices. XeCl, XeF, KrF short pulse
lasers have all been injection-locked in this manner giving high energy outputs with beam
~a~ity +prcxirndte.lythree times diffraction limited. In addition simple prism tuning has
resulted In 0.6-1 wa-~enum.berlinewidths throughout the XeCl bandwidth and appears to give an
improvement of 50 over short pulse lasers for an equivalent tuning chain.

Embodiment of Conce~.—

The pulse power of the inductively stabilized laser uses discrete doorknob capacitors and
a grounded grid thyratron. Figure 1 gives a schematic of the circuit. The loop inductance
connecting the main charging capacitance is relatively large as very fast voltage risetimes
should no longer be necessary, Because preionization is accomplished via a corona discharge,
relatively fast voltsge risetimes are still desirable. Since the preionization is weak and
orIlyin exiatance during the rice of the voltage pulse before gas b~eakdown, it is necessary
to bring the current up relatively fast so that ths preionization electrons are usable in
establishing the initial uniform discharge.

An example of the uegment.edciectrode structures is showl.in Fig. 2
n!entsto the electro{%.

There are 8’?SeQ-

Eacileegment is ballasted with a 0.15 pH induc~or. The total elec-
trode lnngth is 28 cm witi a totml active discharge length of 20 cm. Using all five rows of
the ntorage capac~to~e, the peaking ca acitor value is onc tenth the storage capacitol value.

YThe peaking c.~pacitorvalum is nomina ly 3 nF,
tance,

The peaking capacitors and the head induc-
plus the ~tabilizing inductances, establish an approximate tank circuit that rings

the ~$oltaqcand current through the discharge. If the Q of this 28-MHz circuit is high,
there w’.ll be an additional stabilizing influence to this discharge circuit. However, as
will be seen this is not the case aud the stabilization of the discharge is mainly accom-
plished through the influence of the voltage drop across the inductors described earlie~.

Parameter Studieu._—_

DemonsLrction of Stabilization. Long pulse laming is demonstrated in XcCl, XeF, and KrF.— ...._____
l%o~ero wore con~fii,ic~e~fi’~ng the sa.ie length ●nd pulse power circuj+.. The only dif-
ference ia that one has a ().25CM x 0.4 CM (electrode separation,]x discharge width) and the
second hap a 1 cm M 1 cm (electroda separation ~ diachcrge width). The f~mallerdischa~ge
volume device al!owed enelgy depo~ition greater than 300 J per lit.elatmosphere without

—
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arcing. The Iasing widths in XeCl are conrpaxe4for the two devices as well as with the
lasing pulse width of an earlier miniature laser [3] with unstabilized electrodes and an
electrode separation of 0.4 cm. Figure 3 shows a gain in PUISE?le3@h greater than a factor
of 20 over the unstabilized laser. The pulse length and the magnitude uf the laser power
versus time is dependent on the concentration of the halogen donor and the concentration of
the heavier rare gas. Studies of XeCl [4] and KrF [5j were presel,tedpreviously. We give
the parametric beha-Jior in XeF in Fig. 4. The decrease in pulse length with increasing
concentrations of fluorine or xenon is attributed to the increasing dynamic resistance of
the discharge which, in turn, allows a bet~er ❑atch to the impedence of the ringing tank
circuit. The result is that more energy is deposited in the earlier phase of the pulse
resulting in higher peak power at the beginning of the laser pulse and also shorter laser
pulsewidths.

Identification of the Saturation of Energy Deposition. Figure 5 gives the normalized
output energy per pulse of ~eF, XeCl, and KrF as a function of the stGred enerqy in the main
charging capacitors. The main charging capacitors were set up in five rows of twelve 0.5-nF
doorknob capacitors each. It is seen from the schematic of Fig. 1 that when only one row or
all five rows of capacitors Gre used the inductance of t!!eprima:y charging current loop is
changed very little. For the 0.25-cm x 0.4-cm discharge area laser, 70 to 80% of the output
energy is obtained with only one row of the charging capacitors even though using all five
rows of capacitors, arc free energy deposition over 300 J per liter atmosphere were achieved.
The observed saturation of the output energy coupled with the observed saturation in the
laser pulse length is disappointing, but at the same time allows a unique opportunity t.o
measure the saturation of energy deposition in rare-gas halide avalanche discharge lasers.
Indeed, this saturation of deposited energy is judged to be a “universal” quantity independ-
ent of the time scale of the energy deposition. The consequence of fiucha statement sug-
gests that one must live with high peak power, short ~ulse lasers or lowered peak power,
longer pulse lasers for a given active discharge length, but net both.

Energy Deposition Studies

~luniversalilOptimM Energy Deposition Hypothesis. The analysifjof the dynamics of the
ene~y deposition requires accurate measurement of voltage and current as a function of
time. This ‘s accomplished by incorporating a current probe in the form of a l/4-inch thick
carbon block placed at the bottom electrode as indicated in the schematic given in Fig. 6.
Great care is required to place the coaxial probe exactly irlthe middle of the carbon block
to eliminate noise derived from current induced fields. D.C. measurements of the block
resistance is not valid as the mei~suredvalj~esare dominateriby contacL resistances which
are not present for fast currents. ‘Thecalibl-ationof this probe is accomplished by first
removing the peaking capacitors. The graphite current probe should now see the same cur-
rent and waveform as the commercial current viewing resistar situated beneath the thyxatron
as indicated in Fig. 6. Data of energy depo&.!tionfor one row to five rcws of charging
capacitors are given in Fig. 7. Voltage, curre.lt,power end absolute value of the power are
given. The area under the curve of absolute power ip the total energy clepositedin the
first 200 ns of the discharge. Thu second 200 ns contribute ljttle to the total energy
deposition. The deposition of elccirical pow~:~rinto the dischalge is seen ‘Lobe in packets
and is in agreement with the lasinq output.shown in Fig, 3. This ~t.udyis done in the
0.25-cm ~ 0.4-cm area laser. The snail velure o this discharge (1 cc) meanu very large
energy depositions per liter-atmosDh?re. Thf:iet.uitis tl’,atalthough the power deposition
is substantial for over 200 ns, the lasing pulse width is substantially shorter. Figure 8
plots the normalized output lasing energy as a funct:ionof the energy dens~ty deposited In
the first 200 ns of the discharge. Cbi+~rvethat over 300 :Jper ~.iter-atmosphereof electri-
cal energy have been successfully deposited into t~e discharge W. thout arcing. However, due
to the observed saturation ~,fthe Output en~lrgythis is really n~t dcsirahlo. We measure a
saturation energy of 40 J per liter-ntmosph:!!reas the optimum dep,lsitionenergy for highest
efficiency, We believe this to be a “univer~a].”number appropriate for XeCl lasers r&gard-
less of the time scale of energy deposition.

Test of H othesis.
--%

If the hypothesis im correct we nhculd increase the discharge volume......—
of i%e above =e-r~y a factor of 10 so that the depo~itiorrener~ density will be in the
30 J per liter-atmosphere regime fo~ ‘-heca13eof five rows of charging capacii.ors. An exact
duplicate of the first laser was built and the only ch{lngeis that the discharge area was
enlarqed to 1 cm x 1 cm. Indeed, the observed la#er ouimut increased by nearly a factor of
10 to-30 N per pulse and the pulse length incre!nsedt~oover 200 nm

Measured Electrical Parameters. FiTlxe 7 shown that ti]adischarge-—..—
tance ae~i-o~”~~~~c~i~~s up a L-C-R tank circuit which rings
of 36 ns or at a frequency of 28 Mt. Ilningthe equation

f. = l/2n4m

●m uhown in Fig. 3. \

head-peaking cap&ci-
at ● meauured pariod

(1)



snd a capacitance of C = 3 nF an inductance value of 11 nH is obtained. This is a factor cf
five larger than the inductance of the stabilizing inductance array which is 0.15 PH (per
segment)/87 (segments) = 1.72 w. Thus, the inductance of the peaking capacitors-discharge
head loop is dominated by the head inductance. The resistance R is believed to be dominated
by the discharge. The measured impedence is given for the case of five rows of charf’ing
capacitors in Fig. 9. The measured impedence for the other storage capacit-a~cevalues be-
have similarly. The impedence is seen to oscillate as the voltage crosses zero. The peak
value is measured at 0.4 to 0.5 n and is the discharge resistance. This value is in very
good agreement with kinetic code calculations for the dimensions and pressures of the
device. If the Q of this tank circuit is high, an added stabilization factor may be playing
an important role in these long pulsed excimer laser devices. Using the equation

Q = II)oL/R (2)

the quality factor for this tank circuit is only Q = 4 and should not contribute sig-
nificantly to the stability of the discharge. Thus, the long pulsed operation of the
laser devices described here is primarily due to the stabilization resulting from the
individually inductively ballasted electrode segments. The explanation is that as a par-
ticular segment begins to streamer arc, the rapid increase in current causes a voltage
drop across the inductor and result in a Grop in voltage across the discharge gap region.
This decrease in voltage across the discharge gap quenches the streamer arc formation.
The ringing period of storage capacitance-switch-dischsrgehead lcop is over 400 ns. Wi +.h
five roles of capacitors (30 nF) the loop inductance is measured to be 135 nli. As we have
stated very little care was taken to lower this inductance. Indeed, this inductance was
made quite high to ease the cu~rent risetimes in the thyratron switches. It was important
to show that under these conditions the stabilization technique can work very effectively
delivering long pulsed stable dischazge operation in rare gas halide laser mixtures.

8
Conclusion

he technique of inductive stabilization of rare-gas halide discharges have been shown
to yield long pulse laser outputs. The 1% efficiency obtained for the miniature short
pulsed devices are believed to be very good. Length scaling to improve the gain per round
trip of the laser cavity should improve the peak power in the cavity and greatly improve
the extraction efficiency. This work is presently in progress. The measurement of a
saturation energy for electric~?.energy deposition gives an important design criteria for
high efficiency lasers. This number is believed to be valid regardless of the time scale
of the energy deposition.
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Figure 1. Schematic diagram of inductively
stabilized laser. (1) segmented cathodes,
(2) corona preionizer, (3) nickel screen
a~ode, (4) thyratron, (5) storage capacitor
bank, (6) stabilizing inductors, (7) peak- Figuie 2. Photograph of 4-mm-wide segmented
ing capacitors, (8) charging inductors. electrode structure.
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Figule 3. Lasing temporal wavefonzz for Figure 4. (a) X?F lasing as a f$mctlon of
(a) unstabl.lized4-mm gap separation x variations in Xe partial pressure, (b) and
2-mm-wide laser, (b) stahilized(~j5;~’n~ap Fz partial pressure.
~aparation x 4-mm-wide lase~, *-

lized 1O-MM gap Bf.parat,ltm lo-~1-wide
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Figure 7. (al Voltage, (b) current. (c) power. and (dj absolute value c.fp~wex
waveforms for the cane of five rc-waof charqlng capaclt~x-s(appxoxlnatel} 30 rii
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INDUCTNELY STABILIZED EXCIMER LASERS
Robert C. Sze

Los Alamos Nationnl Laboratory
P. o. Box 1663

Los Alamos, New Mexico 87545

.anche discharges, including some form of preionization of the diu-
Wn to have a limited stable diecharge time. The end of the stTd?;:
hcterized by streamer arcs propagating across the electrodes.
the electrode separation, the con$tituent$ ●nd pressure of the gas
● electrical excitation characteristics. Thus, in the more conven-
s the laser outputs ●re short pulsed (15-30 ns) ●nd dincharge tech-
deposit most of the 8tored electrical ●nergy within the stable die-

‘ice. Lin ●nd Levatter [1] have investigated the regimes in which
can be ●voided. Such laser- require very uniform preionization with
risetimes. The ●dditional incorporation ef ●n electrical prepulse

)igh-efficiency, high-energy large volume dischar~e rare-gas halide

another approach to solvin the problem of discharge stability. The
!)ted electrode st,mcture w th ●ach ●lement ballasted by an inductor

kable discharges and long pulse length laser outputs. The passive
are-gas halide discharges is attributed mainly to the hcrease h

inducter of ● particular segment of the ●lectrode as the discharge
o $0 unstable. The ●dvanta ● of the technique ia that the very fast

YBment la no l~nger ●ssentla , ●nd the ume of conventional thyratron
Iant pulse sharpening circuits is now possible. Presently onl small

i1 constructed. The 20-cm ●ctive length lasers have reduce laaer
ban 200 ns with ●fficiencies ●s hi h as 1%. since

?
4 e intracavity

Bed, short gain len~th devices ●re n the region of 200 kW, ●n order
laturat~on powera of rare-gas hal~de lasers, much im roved ●xtraction

Y
●ted for longer Sain length devices. fThe small onq pulse lasers
●ction-locking large ●nergy short ulsed lasers In the regenerative

f~rry of jitter between the two dev tea. XeCl, XeF, KrF short pulse
)jection-locked in this manner giving high ●nergy outputs with beam
iree times diffraction limited. In ●ddition simple pr~sm tuning haa
mber linewidths throughout the XeCl bandwidth and ●ppears to give ●n
hort pulse lasers for ●n equivalent tuning chain.

e induetivel stabilized lacer ueea discrete doorknob capacitors and
m. Figure f gives ● achenmtic of the circuit. The loop inductance
:ging capacitance im relativel large ●s ver faintvoltage riaetimes

I 8nmary. Becaus* reionizatlon s accompliohe via a corona discharge,
?rimetimw ●re s ill desirable. Since the pralonization ia weak and

the rlae of the volta ● pulse bnfore gas breakdown, it ia necessary

f
1 relativel faat ao 4 ●t the preionization ●lectrons ●re usable in
uniform d acharge.

lmont,ed electrode structures ia shown in Fig. 2 There are 87 seg-
Each segment is ballasted with ● 0.15 pH induc~or. The total ●lee-

kh a total active discharge length of 20 cm. Using all five row of
the peaking ca acltor value is o~e tenth th~ storage capacitor value,

!I:w ia nomina ly 3 nF, The peaking capacitor- and the head induc-
ting inductance, ●stablish ●n approximate tank circuit that rings

through the dischar ● .
!

If the Q of this 28-MU circuit Is high,
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However, ●t

t the cue and ● otabilisation of the dicchar~e is mainly ●ccom-
luenca of the voltage drop ●croea the inductors described ●arlier.



arcing. The lasing widths in XeCl are compared for the two deviees as well as witl
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the heavier rare gas.

e halogen donor and the conceatrati(
Studies of XeCl [4] and xrF [5] were preael,ted previously. We

the parametric behavior in XeF in Fig. 4. The decrease in pulse length with incre,
concentration of fluorine or xenon is attributed to the increasing dynamic resistant
the discharge which, in turn, allowa a betSer ■atch to the impedence of the ringing
circuit. The result is that more energy is deposited in the curlier phase of the 1,
resulting in higher peak power at the beginning of the laser pulse and also shorter
pulsewidths.

Identificationof the Saturation of Eneruy Damosition. Figure 5 gives the norms
output energy er pulse of XeF, XeCl

!
KrF as a function of the stored energy in the

charging capac tors. The main charg~n~capacitors were set up in five rows of twelve O
doorknob capacitors each. It is seen from the schematic of Fi .
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1 that when only one r(

all five rows of capacitors are used the inductance of the pr ma.~ charging current lo~
changed vary little. For the 0.25-cm x 0.4-cm discharge ●rea laser, 70 to 00% of the 01
energy is obtained with only one row of the charging capacitors even though using ●ll
rows of capacitors, arc free energy deposition over 300 J per liter ●tmosphere were ●ch,
The observed saturation of the output enexgy coupled with the obsen?ed saturation ii
laser pulse length is disappointing, but at the same time allows ● unigue o portunil

Rmeasure the maturation of energy deposition in rare-gas halide avalanche disc ●rge lal
Indeed, this saturation of deposited energy is judged to be ● ‘universal!’quantity indq
ent of the time scale of the ener
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deposition. The consequence of such ● statement
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ests that one must live with hig peak
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anger pulse lasera for a given active disc ●rge length, but not both,

Energy Deposition Studies

“Universal” Optimum Energy DeDo8ition HYPothesiss The analyaifi of the dynamics oi
energy

‘f “
● osltion re

Y’
res ●ccurate measurement~ of voltage ●nd current ●m ● functi{

time. Th s ‘s ●ccomp ished by into
?

orating a current probe in the form of ● l/4-inch ‘
carbon block placed ●t the bottcm e ectrode ●s Indicated in the schematic given in Fil
Great caro it required to lace the coaxial probe ●xactly in tha middle of the rarbon 1
to eliminate noise derive 8 from current induced fields. D.C. measuretnents of the 1
resistance is not valid ●s the memured valuea (nro dominatefl b contacc resistances \
●re not present for fast currents. t‘The calibration of this pro ● h ●ccomplished by :
removing the peaking capacitors. The Qraphite current probe should now ●ee the same
rent ●nd waveform ●s the commercial current viewing resistsz situated beneath the th II
am Indicated in Fig. 6. %Data of ●n~rgy deposition for one row to five rews of c ●l
capacitors ●re given In Fig. 7. Voltage, current, power ●nd absolute value of the powe~
given. The ●rea under the curve OC absolute power in the total ●nergy deposited it
firet 200 ns of the dlacharge, Tho 8econd 200 ns contribute little to the total ●l
deposition, The deposition of ●lectrical powm into the diasha; ● is teen GO be h pat
and is in ●greement with the lasing outpu% shown in Fi . 3.

t
1 his mt.udy is done Am

0.25-cm X 0.4-cm ●rea luser. The ●fl~all volumo or this i,acharge (1 cc) meanu very ;
●ner

3
depomitionm per liter-atmosphere. TM #euult is that ●lthough the power depox

im B mtantial for ovor 200 ns, the lacing pulse width is mubmtantially ●horter. ?igI

!
lots the normalized out ut lasing ●nergy ●c ● function of the ●nergy Wmlty deposit.d

k’he first 200 ns of the ischar ● .
!

Gbrkrw that over 300 (J pcr Iiter-atmosphere of ●lac
cal ●nar y have baen aucceasf!ul

\ J
deposited into tha diochar ● w:thout ●rcing. However,

to the o sewed saturation of !● aut ut ●rmgy this *a rea ly nat dosirahieo We meas~
#aturation ●nar

T
Enof 40 J ●r liter-a oophore as th~ optimum depo~ition @nor

f r
fer hi{

efficienc .
&

We ●liave th s to b. ● ‘tuniversal~’ number &ppropriwt@ for XOC1 ●aera rq
less of ● tim~ scala of ●nergy deposition.

Tent of Xwothecis, If the hypothasir in corract we o’heuld increase tho discharge vc
of WM above laser

b{
● factor of 10 so that the deposition ●ner

7
donaity will be ir

30 J per liter-atmoap ●re regime fot tht case of five rows of charg ng capacitors, An 4
du licatc of the firmt laser was bui$t and the only change Amthst the dimcharge ●red

!●n ●raed to 1 cm x 1 cm, Indaed, the observed laaer oufmt increasad W nearly ● faCt(
10 to-30 mJ p~r puls.-” and the @irk l.ngth incrernmed 6 over-200 ns

Moasurod Electrical Par Figuro 7 @hewn that. th diccharge
up ● L-C-R tank circuit which ring,

of 36 n- or ●t ● frequency of 20 NW. Using tho ●guation

●a shown in Fi(

head-paaking ca;
●t a a~awured p~

(1)



:e of C ,=3 nP ●n inductance value of 11 n13is obtained. This is a factor cf
n the Inductance of the stabilizing inductance ●rray which is 0.15,1JH(per
penti) = 1.72 nE. Thu%, the inductance of the peaking capacitors-discharge
dnated by the head inductance. The resistance R iu believed to be dominated
e. The =acured Impedence it given for the case of five rows of char(”ing
ig. 9. Tha ❑easured impedance for the other storage capacitance values be-
The impO&nce in seen to oscillate as the voltage crosses zero. The peak

●d at 0.4 to 0.5 0 and is the discharge resistance. This value is in very
with kinetic code calculations for the dimensions and p~essures of th~
Q of this tank circuit is high, an ●ddad stabilization factor ❑ay be playing
e in these long pulsed ●xcimer laser dovlces. Uming the ●quation

Q = woL/R (2)

:tor for this tank circuit im only Q = 4 ●nd ahuuld not contribute aig-
tie stability of the discharge. Thus, the long pulsed operation of the
iescribed here IS primarily due to the stabilization resultlng from the
iuctlvely ballasted ●lectrod@ segments. The ox lanatlon 1s that as a par-
beqlna to streamer arc, tha rapid increase 1’n current causeo ● voltage
inductor and result In ● Crop in voltage acrosr the discharge gap reg~on.

n voltage acrots the dlschtirgega
f

quenches the streamer arc formation.
lod of storage capacitance-twitch-d●c:wxge head l:ap 19 over 400 nc. w~th
apacltors {30 nF) the loop inductance IS aeaaured to be 135 nH. A@ we have
tle care was taken to lower this lnductanco. Indeed, this inductance was
to ●ase the cu-rmt rlsetimec in the thyratron rwltches. It wax Important
:der theco conditions the stabilization teckunque can work very effectively
pulsed stable dlscha:ge operation In rare ~as hallde laser mixtures.

s

t of lnductlve Stablllzatlon of rare-gas hallde discharges have been qhown
pulse lam-r outputs. The 1% efficiency obtained for the mln~ature short
mc bollevod to be very good. Length scallng to improve the gain per round
her cavity ~hould reprove the peak

T
ower in the cavity and greatly improve

●fflclnncy. This work 1- present y in progrecc. The measurement of a
TY for elactrlc:’-enar de osltlor gives an important design crlterla ior
lasers. This number FTs be levcd to be valld regardlezo of the tlrnescsle
,pofiltlon.
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Fzgure 1. Schematic diagram of inductively
staklized laser. (1) segmented cathodes,
(2) corona prelonlzer, (3) nickel screen
anode. (4) thyratron. (5) storage capacitor
bank, (6) ●tabilizmg inductor-, (7) peak- Figure 2. Photograph of 4-mm-wid# segmented
lng capacltorta, (8) charging Inductors. electrode etructure.

I
Ip!22!b.$%)c)

.b

20n$/div.

--l

(a) (b)

FxguIe 3. LaSing temporal wwofozm for
(a) unstabilized 4-mm

Figure 4. (a) X*F lasing ●s ● function of

r’ aef’’a’ion f
variations in Xe partial prehsure, (b; and

2-mm-Wide laser, (b) sth ilize 2.5-mm ●p Fz partial pressure.
oaparatlon x 4-mm-wide laser, .
llzed 10-mm gaF separation !%%de
laser.
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Figure 6. Schematic diaqram of experiment
to measure energy depoaltion in the induc-
tively stabilized excimer lasers.
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lgu~o 7. ~a) Voltags, (p)_current, (c) power, and (d) ebeolute value of power
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Figure 8. Plot of output energy as a function of energy
density deposited in the first 200 ns of the discharge.
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